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A B S T R A C T

Aluminum nitride (AlN) ceramics have attracted broad interest due to their potential applications in electronics.
Additive manufacturing of ceramic components are rapidly advancing, could provide a new way of manu-
facturing over conventional methods. Non-destructive testing of 3D printed ceramic samples is an important step
for quality control in manufacturing. Here we show that AlN ceramics show strong optical second harmonic
generation (SHG) signals due to its wurtzite crystal structure. Microscopic SHG imaging can also examine the
microscopy domains in AlN ceramics with submicron spatial resolution. This technique has the potential to be
applied as a non-destructive testing method for examining 3D printed AlN ceramic components.

1. Introduction

Over the past decades aluminum nitride (AlN) has become a widely
studied ceramic material due to its extremely interesting combination
of high thermal conductivity, high temperature stability and low
thermal expansion, excellent electrical insulation, and wide bandgap
[1,2]. These properties made AlN a good candidate for a wide range of
electronic applications, such as circuit substrate, heat dissipater, pie-
zoelectric transducers, microwave devices, and deep ultraviolet light
emitting diodes [3–6]. Sintering is the common approach to prepare
high-quality polycrystalline ceramics. Low temperature sintering and
hot isostatic pressing (HIP) of AlN are typically done with oxidized
additives such as Y2O3 due to the high melting point of AlN (∼2200 °C)
[7]. During sintering, grain growth occurs most rapidly where additives
are rich. Through the introduction of these additives, oxygen can exist
in the ceramic in the lattice or in these grain boundaries that will
slightly change the structure of AlN along with its optical properties
[7,8]. With the recent rapid advance of additive manufacturing (AM)
technology, ceramic component can now be processed by AM with de-
bindering and sintering afterward [9,10].

Non-destructive testing (NDT) is an important step of quality con-
trol in manufacturing. NDT techniques such as ultrasonic testing, X-ray
computed tomography, eddy currents, and electromagnetic testing can

measure material properties and detect irregularities [11]. However, an
NDT technology can examine solid with properties of high 3D spatial
resolution and noncontact is still missing. Optical techniques have the
advantage of high spatial resolution due to the short light wavelength in
the submicrometer range. For instance, optical coherence tomography
(OCT), which was developed for medical imaging purpose, has been
applied as an NDT technique characterizing surfaces and interfaces in a
variety of materials at the resolution of several microns [12]. To further
improve the spatial resolution to submicron range, other optical mi-
croscopic imaging techniques need to be developed.

Optical second harmonic generation (SHG) is nonlinear optical
process that can be used as a non-destructive probing technique to
determine properties of surfaces, interfaces and structures where there
is a lack of inversion symmetry [13–16]. Thus, SHG has been applied as
an NDT technique that characterizes surfaces and interfaces in several
ceramic materials with resolution of several microns [17,18]. Alu-
minum nitride has both second- (χ(2)) and third-order (χ(3)) nonlinear
optical susceptibility due to its non-centrosymmetric crystal structure in
its stable wurtzite phase [19]. In addition, AlN has an advantage of
having one of the largest bandgaps (6.2 eV) among all known semi-
conductors. This wide bandgap not only provides suppression of two
photon absorption, but also allows for wide band SHG from ultraviolet
(UV) to infrared (IR) wavelengths [20]. Therefore, utilizing the
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nonlinear optical properties of AlN SHG imaging can determine or-
ientations of grains, grain boundaries, and cavities inside [17,21].
Previous works on AlN optical properties have focused on thin films in
both wurtzite and cubic phases, and there have been few experimental
investigations on the nonlinear optical properties of AlN prepared by
sintering, HIP, and AM [22–25]. Understanding the effects of these
manufacturing processes and additives on the properties of AlN is im-
portant for tuning the ceramic for its applications such as 3D printed
microchips or larger scaled structures. In this work we present SHG
microscopic imaging of AlN ceramics prepared by binder jetting (BJ)
subjected to HIP process. In the meantime, x-ray diffraction (XRD) and
scanning electron microscopy (SEM) are used to characterize crystal
structure and morphology.

2. Materials and methods

2.1. Materials processing

In this work, the AlN precursor powder was purchased from
American Element®, with a measured purity of 99.9%. The powder had
an average particle size of ∼45 μm. AlN components were fabricated
using binder jetting in an ExOne M-lab system followed by hot isostatic
pressing. The HIP process used an AIP-30H furnace. The HIP consisted
of a temperature ramp rate of 5 °C/min. The sample was holed at
1900 °C in a nitrogen pressurized atmosphere at 30,000 psi for 8 h.
Details of AM and HIP processes were previously reported in Ref #8.

2.2. Optical second harmonic generation imaging

The SHG microscope was based on a two-photon microscope de-
veloped earlier [26]. In brief, the laser source is a mode-locked fem-
tosecond Ti:Sapphire laser (Maitai HP, wavelength 690–1040 nm,
100 fs, 80MHz, Spectra-Physics, Santa Clara, California). The wave-
length was set at 940 nm to generate SHG signal at 470 nm. The blue
detection channel has a bandpass filter (417–477 nm) to selectively
detect this SHG signal. The laser power at the sample site was adjusted
using a half waveplate and a polarizing beam splitter. The outputs of
photo detectors were fed into a frame grabber (SolioseA/XA, Matrox,
Quebec, Canada). Two-dimensional images in the x-y plane are ac-
quired through a home-built software program. Each frame has
500×500 pixels. Each final static image is an average of 50 frames.

2.3. SEM-EDS

Morphology aspects and chemical analysis were performed by using
a scanning electron microscopy SU3500 system (Hitachi, Japan) with
an integrated energy-dispersive X-ray spectroscopy (EDS) Oxford
Instrument X-MaxN (Oxford Instruments, UK).

2.4. X-ray diffraction

X-ray diffraction patterns of the powder samples were collected on a
powder diffractometer (Empyrean 2, Malvern Panalytical, Netherlands)
using a Cu K-α radiation source (λ=1.54184 Å).

Debye ring patterns were collected on a Bruker D8 Quest SC XRD
using a Mo K-α radiation source (λ=0.71073 Å), all at room tem-
perature. Debye ring patterns were integrated using Bruker's APEX 3
software. All powder diffraction patterns were refined and fitted with
known patterns in the Inorganic Crystal Structure Database (ICSD) via
Malvern's HighScore+ software.

3. Results and discussion

3.1. SEM-EDS

SEM image was employed to characterize the morphological struc-
ture of AlN samples after HIP. During the HIP process trapped gases can
evolve from the powder surface or the decomposition of binder can trap
in closed pores. These processes make densification of materials diffi-
cult. It is well known that the post thermal processing for AlN is difficult
to achieve due to its covalent nature. Fig. 1a shows a representative
SEM image at the cross section of the AlN component that was sub-
jected to the HIP process at 1900 °C. This image shows homogeneous
sintered microparticles exhibiting coalescence with well-formed
boundaries. The regions indicated with white rectangles were used for
EDS chemical analysis. Fig. 1b demonstrates the EDS results, showing
that the components subjected to the HIP cycle had a chemical trace
corresponding to 65% Al, 32% N, and 3% O. This chemical composition
obtained belongs to original atomic/mass of Al and N in AlN stoichio-
metric composition. The oxygen trace can be the result of trapped
porous structures in the fabrication process.

3.2. XRD

To further study the phase of these AlN power samples, x-ray
powder diffraction was performed with a Panalytical Empyrean 2
system using a Cu K-α source (λ=1.54184 Å) in the 2θ range of
30°–90° (Fig. 2a). Though the patterns of both raw and 3D printed HIP
AlN powder samples match that of wurtzite AlN as shown in ICSD
(54697), it is possible that the pattern can be fit to sapphire (Al2O3) as
shown in ICSD (173713). Since the common defects in AlN are oxides
[7], these samples may contain some oxide impurities especially for
heat treated sample as demonstrated in Fig. 1b. These samples were
then run on a Bruker D8 Quest single crystal diffractometer. This system
is equipped with a Mo K-α source (λ=0.71073 Å), which could yield a
different diffraction pattern between the nitride and oxide compounds.
Debye ring patterns for each sample were acquired and then integrated
to obtain peak patterns as shown in Fig. 2b and c respectively. In
contrast to the Cu K-α patterns, the patterns obtained from the Mo K-α

Fig. 1. a) SEM image of 3D printed AlN sample with HIP at 1900 °C. b) EDS results of this AlN sample.
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source shows slight deviations in pattern structure which are mapped to
the presence of an oxide within the material. The 3D printed HIP
sample (Fig. 2c) shows similar patterns to the raw sample (Fig. 2b) with
several differences, such as the peak at about the 20° mark in 2θ. The
broad peak below 10° is due to the x-ray beam scattering from the beam
stop and is not related to the sample. Lattice parameters were obtained
through Rietveld refinement. There are small differences in lattice
parameters between the two samples as shown in Table 1.

3.3. Optical second harmonic generation imaging

Second harmonic generation is a second order nonlinear process,
which indicates that the generated frequency-doubled signal intensity is
proportional to the square of the intensity of the incident light. The
samples were irradiated with varying laser powers ranging from 1 to
200mW with increments of 5mW. At each power level SHG images
were taken. To quantify the dependence of SHG intensity on laser
power, a region of interest (ROI) was chosen to cover the sample, and
the average signal intensity in this ROI was measured. The SHG in-
tensity vs. laser power curves are shown in Fig. 3a as log-log plots. The
dash lines are the fitting curves for data points in the intermediate
range without including the saturated signals in the high laser power
region. The 3D printed HIP sample curve shows a slope of 2, which
demonstrates the second order process nature of these SHG signals. The
raw sample curve has a slope of 1.7, which may be due to defects in
these raw materials, such as different crystal orientations arrangement

in the powder form or possible agglomerations.
The SHG signal vector generated from a single phase crystal is de-

termined by the product between the χ
(2) nonlinear susceptibility

tensor of the material and the incident electric field vector. Therefore,
when the polarization of the incident electric field is rotated, the SHG
signal amplitude will change accordingly. In this experiment the in-
cident laser beam polarization was rotated by a half wave plate before
the beam enters the microscope. The wave plate was rotated from 0° to
180°, and the corresponding electric field was rotated from 0° to 360°,
with a step size of 10°. At each angle an image was recorded. For each
image the average SHG intensity of ROI was measured, and this SHG
signal intensity vs. incident beam polarization is shown in Fig. 3b. Both
raw and 3D printed HIP samples show a clear dependence SHG signal
amplitude on the polarization of the electric field direction with dipole
shapes, which indicates the wurtzite phase (space group P63mc) of both
samples. The χ(2) tensor for wurtzite phase structure has a general form
[16]:
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Further quantifying the SHG signal intensity variation with respect
to the incident beam polarization and crystal orientation can measure
the matrix components [16]. Fig. 3c illustrates the SHG intensity as a
function of the incident laser polarization from a raw AlN sample. At 0°
and 180° of laser polarization the top right and bottom left domains
show strong SHG signal, while the top left and bottom right domains
show minimum SHG signal. At 90° and 270° such SHG intensity pattern
is reversed. This result clearly shows the orientation of AlN domain
pattern at high contrast, which can be utilized as a non-destructive
characterization technique. Fig. 3d is a composite image of all images
from Fig. 3c with green color representing 0° and 180° images, and red
color representing 90° and 360°.

Fig. 2. a) Cu K-α XRD peaks of raw AlN sample. The solid line is the XRD scan, and vertical tick marks are reference peaks of AlN and Al2O3 respectively. b) Mo K-α
XRD peaks of raw sample and Debye rings. c) Mo K- α XRD peaks of 3D printed HIP sample and Debye rings.

Table 1

Lattice parameters as found in the two AlN samples (raw and 3D printed HIP)
through Rietveld refinement.

a (Å) b (Å) c (Å)

raw 3.11175 3.11175 4.98090
3D HIP 3.11336 3.11336 4.98057
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4. Conclusion

We have examined the SHG response from AlN ceramics in both raw
form and 3D printed form fabricated by binder jetting under different
laser excitation power and laser polarizations. Energy-dispersive x-ray
spectroscopy confirms the chemical composition of these samples, and
x-ray diffraction confirms the wurtzite phase of both samples. Slight
deviations in the lattice parameters in 3D printed HIP sample from raw
sample can be attributed to oxidation during processing as shown in
EDS and XRD results. Polar plots of SHG signals clearly show the di-
polar behavior, which is typical for a wurtzite structure. Domain
structures are clearly revealed in these microscopic SHG images by
varying laser polarization. Therefore, this technique can be potentially
used a non-destructive testing method to examine submicron details for
3D printed AlN ceramic components.
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